Abstract-Much insight has been gained into the nature of early vision by postulating that the system encodes patterns by means of channels, or filters, tuned to specific orientations and spatial frequencies. We argue that a different decomposition, in terms of radially and rotationally symmetrical filters, is equally plausible, both in terms of the geometry of the eye and the ecology of visual pattern recognition. We demonstrate experimentally some of the properties of angular frequency filtering.
INTRODUCTION
A dominant theme in the study of early spatial vision over the past two decades has been spatial frequency filtering (Braddick et al., 1978) . Although Schade (1956) anticipated the approach, it was Campbell and Robson (1968) who first found convincing evidence implying a multi-channel model of visual detection. Their psychophysical results, reinforced by the findings on retinal ganglion cell sensitivity in the cat (Enroth-Cugell and Robson, 1966) suggested the existence of narrow-band channels selectively sensitive to different ranges of spatial frequencies. Taking their cue from Fourier analysis, Campbell (e.g., Campbell et al., 1970) , and a host of other researchers, have investigated the independent multi-channel hypothesis quite thoroughly, but always from the point of view of stimuli with one-dimensional luminance profiles, i.e. gratings, whether of sinewave, square wave, or some more complex composition.
There is no a priori reason why such gratings should be the only elementary stimuli for pattern decomposition; Kelly (1960) suggested the use of circularly symmetric stimuli as being at least as appropriate to visual analysis. Kelly and Magnuski (1975) measured contrast sensitivity for a bullseye target whose radial frequency is modulated by a Bessel function. Their objective was to compare the contrast sensitivity function estimated with rectilinear sinusoidal gratings to that estimated with similar, but spherical targets. Such targets were thought to be 'more natural' as visual stimuli since they are isotropic and so stimulate all available orientation detectors equally; moreover the relative coarseness of resolution is a function of distance from the centre of the pattern, thus perhaps reflecting the cortical magnification factor and the drop in visual acuity in the periphery of the visual field (Wilson and Giese, 1977) . Kelly and Magnuski ignored the angular dimension, which is implied by a system which describes images in terms of polar coordinate properties.
A polar system of coordinates has been used to describe the processing operations of the visual system (e.g., Cavanagh, 1978 Cavanagh, , 1985 Schwartz, 1980) and is implicit in some other approaches to pattern and object perception (Hoffman, 1966; Weisstein et al., 1977; Dodwell, 1983) . In none of these contexts was it proposed, however, that elementary stimuli based on the kernel of the Fourier transform in polar coordinates be used to determine characteristics of the visual system. Implicit in that proposal is the idea that, just as with rectilinear gratings, probing with such elementary stimuli would allow us to investigate the nature of stimulus analysis (decomposition) and synthesis in human vision (see Appendix I).
From a different perspective, image processing research has addressed the problem of image coding that is invariant to translations on the one hand, and to rotation and to expansion/contraction on the other (Hsu and Arsenault, 1982; Hsu et al.,1983; Wu and Stark, 1985) . Ferraro and Caelli (1988) show that there is a fundamental distinction between the two methods of representation, based on Lie group properties. It is therefore natural to suggest that early vision, insofar as it displays both translational and rotational invariance, and its operation can be understood in terms of the coding properties of multiple independent channels, should code with filters that have either, or both, rotation and size-invariant outputs.
The human visual modulation transfer function (MTF) is well established for sinusoidal gratings (Blakemore and Campbell, 1969) ; a great deal of research has been focussed on the question of frequency and orientation selectivity in the context of multiple filters (e.g., Wilson and Bergen, 1980) . Similar investigations based on the properties of circularly symmetric filters should add further insight into the properties of stimulus coding in early vision. Within the framework of multiple frequency filtering models for vision one can postulate the existence of angular and radial frequency filters which, like their one-dimensional counterparts, are linear and domain invariant. The classical MTF is a shift-invariant function. We expect that an analogous MTF for sizeinvariant systems can be demonstrated.
We report here evidence for the existence of angular frequency filters, thus complementing the work of Kelly and Magnuski (1975) on contrast sensitivity to radial frequency patterns. The two major questions are: What is the nature of the overall angular modulation transfer function, aMTF (corresponding to a composite channel model), and: is there evidence for narrowly-tuned independent filters with recognizable peaks at specific angular frequencies, S2(n) (corresponding to the multichannel model)?
The modulation transfer function aMTF was estimated by standard threshold detection methods. The frequency response function for an angular filter with peak sensitivity at 24 cycles (per 360 deg), was measured with a modified subthreshold summation technique (Kulikowski and King-Smith, 1973) .
If the hypotheses we advance are true, we should expect to find a fairly broad aMTF, indicating low distortion over a good range of angular frequencies, and sharp summation effects at one or more given angular frequencies, indicating the presence of angular bandpass filters.
METHODS AND PROCEDURES

Methods
There were two observers, FMW and MLS, the former being naive with respect to the expected outcomes. Both had slight astigmatism along the horizontal axis and wore corrective eyeglasses or contact lenses for myopia (of about -2.5 D).
